Abstract Water deficit may occur at any stage of crop development, affecting productivity and causing economic losses. In response to drought, raffinose family oligosaccharides (RFOs) are accumulated in plant tissues stabilizing and protecting cell membranes and keeping the vital functions. The enzyme galactinol synthase (GolS, EC 2.4.1.123) catalyzes the first step in the biosynthesis of RFOs. In our study, soybean events overexpressing 35S:AtGolS2 were molecularly, physiological, and agronomical characterized, under drought simulated in greenhouse and in field conditions during the crop season 2014/2015. The conventional soybean cultivar BRS 184 was transformed and five positive events were obtained. Four events transmitted the transgene to further generations and in the events 2Ia1 and 2Ia4, two to four copies of AtGols2 gene were observed. Results in greenhouse showed that the overexpression of AtGolS2 in genetically modified (GM) plants led to increased galactinol transcripts, probably resulting in changes in carbohydrate metabolism. Accumulation of these transcripts that may have acted as osmoprotectors, lead to higher drought tolerance and survival rate of 2Ia4 plants. In addition, in field conditions, higher yield was observed for 2Ia4 plants under irrigated (IRR) and nonirrigated (NIRR) treatments. This result can be due to the increased synthesis of RFOs even under wellwatered conditions. This field screening showed promising results for drought tolerance, suggesting that 2Ia4 plants may be useful in a breeding program for the development of drought-tolerant plants. However, additional studies are needed in further crop seasons and other sites to better characterize how these plants may outperform the WT plants under water deficit.
Introduction
Soybean is an important oilseed crop worldwide and a primary source of fat and vegetable protein both for human nutrition and animal feed (Wang et al. 2015) . Furthermore, its use for biodiesel is increasing in the last years. As an important worldwide commodity, soybean is not exempt from the problems arising from water deficit, and so is not Brazil, one of the few countries that could considerably increase its production in the next decades.
Drought has been responsible for decreasing considerably the grain yield worldwide, mainly during the reproductive phase, when total production can be reduced by up to 40 % (Tran et al. 2010; Hu and Xiong 2014) . In the last decades, drought events frequency and intensity are increasing, probably due to global climatic changes, drawing a future scenario where arable areas and productivity might be affected, threatening food security worldwide and increasing worldwide financial prejudices, thus development of drought-tolerant crops is gaining prominence in scientific research areas.
In response to environmental changes, plants developed a set of morphological, physiological, biochemical, cellular, and molecular mechanisms to cope and deal metabolically with water deficit periods (Fang and Xiong 2015) . Among the products of genes involved in the response to abiotic stresses, such as drought, osmoprotectors molecules such as sugars (trehalose, sucrose, and fructose), amino acids (proline and tryptophan), and ammonium compounds (polyamines and glycyl betaine) accumulate in plants under adverse conditions, and are mainly related to the osmotic adjustment process, which acts as an adaptive mechanism reducing the osmotic potential, increasing cellular water retention, and delaying senescence and death (Turner et al. 2001; Chaves et al. 2003; Chaves and Oliveira 2004) .
Acting as osmoprotectants, raffinose family oligosaccharides (RFOs), such as raffinose, stachyose, and verbascose, are known to be involved in response to adverse environmental conditions. In drought tolerance, RFOs are able to regulate the osmotic potential, and protect enzymes and membranes from different environmental stresses such as cold, heat, and dehydration (Crowe et al. 1984; Wang et al. 2004 ). The key enzyme in the production of RFOs is galactinol synthase (GolS, EC 2.4.1.123), synthesizing galactinol from UDPgalactose and myo-inositol (Panikulangara et al. 2004; Pattanagul and Madore 1999) . GolS genes were reported to be upregulated by abiotic stress treatment in many plant species. Takahashi et al. (1994) reported that OsGolS messenger RNA (mRNA) accumulated in response to cold and to osmotic stress in rice seedlings (Oryza sativa). In Arabidopsis thaliana, AtGolS1 and AtGolS2 mRNAs were detected in mature seeds and induced by water and salt stress in the leaves and the AtGolS3 mRNA was induced by cold (Taji et al. 2002) . In tomato (Lycopersicon esculentum Mill. cv Moneymaker), the accumulation of LeGolS-1 mRNA was induced by dehydration but not by cold in germinating seeds (Downie et al. 2003) . In Vitis vinifera, VvGolS1 was upregulated by high temperature (Pillet et al. 2012) and, in Salvia miltiorrhiza, SmGolS genes presented differential expression in response to hormone, cold, and heat treatments (Wang et. 2012) . Furthermore, in Medicago falcata, MfGolS1 was induced by cold, and overexpression of MfGolS1 in tobacco resulted in elevated tolerance to freezing and chilling in transgenic plants (Zhuo et al. 2013) . In Coffea arabica, analysis indicated that the genes CaGolS were differentially regulated under water deficit, high salt, and heat stress (dos Santos et al. 2011) . The transcriptional profile of a Coffea canephora galactinol synthase gene (CcGolS1) also indicated that the expression of CcGolS1 in leaves was differentially regulated by water deficit, depending on the intensity of stress and the genotype (dos Santos et al. 2015) . In Populus tricocarpa, GolS (PtrGolS) genes were differentially expressed in different organs and abiotic stresses, with induction of PtrGolS by salt stress only in the early period of treatment (within 24 h), whereas water deficit stress treatments continued to upregulate PtrGolS gene expression for 2 days after the induction of treatment (Zhou et al. 2014) . In soybean, submitted to water deficit, Marcolino and co-workers (2014) described a diurnal oscillation and induced expression for GmGolslike gene. Gene expression quantification for soybean GolS (Glyma19g40680) confirmed the expression induction in plants submitted to water deficit (Rodrigues et al. 2015) .
All these reports in many plant species show promising results with GolS genes to improve abiotic stresses tolerance; however, all data were obtained in greenhouse conditions. According to Passioura (2012) , the results obtained under controlled conditions may not be well connected to the way that plants behave over the entire season in the real field situation. Additionally, tests in the field are a legal requirement from the Brazilian National Technical Biosafety Commission to approve a commercial product. Thus, considering the urgent need of drought-tolerant soybean plants to secure food production in the next decades, and the need for understanding with respect to the mechanisms of tolerance of GolS transgenic plants performing under a real crop season, the present study aimed to introduce, via Agrobacterium tumefaciens, the gene construct 35S:AtGolS2 in a conventional soybean cultivar and molecularly characterize the obtained events regarding the relative expression and number of transgene inserted copies. Furthermore, we characterized the expression profile of the inserted transgene and of genes codifying RFOs, as well as the lines for growth, physiological, and agronomical parameters under water deficit induced in greenhouse and field experiments.
Material and methods
Transformation, identification of positive events, and segregation pattern
The expression cassette containing the AtGolS2 gene was constructed with pMDC123-GI and pC3300J-35S vectors (Cambia Enabling Innovation 2012) and introduced, via electroporation, into the A. tumefaciens strain EHA 105 (Hood et al. 1993) , as described by Casali and Preston (2003) . This vector is under the control of the constitutive promoter CaMV 35S (Cauliflower mosaic virus) and TNOS terminator (A. tumefaciens nopaline synthase). Two marker genes are also present in the cassette structure: the bar gene (phosphinothricin acetyl transferase), which confers resistance to the herbicide ammonium glufosinate, used as a selective agent; and the NPTII gene (Neomycin phosphotransferase), which confers resistance to the antibiotic kanamycin, used to select the colonies containing the inserted transgene.
Genetic transformation was performed using soybean cotyledonary nodes from the conventional cultivar BRS 184, according to the method described by Paz et al. (2006) . A modification was introduced aiming to improve injury for infection; thus, each cotyledon was scratched 10 to 12 times, using a stainless steel micro brush.
Seedlings that developed during the selection process were transferred to one substrate mixture containing substrate/sand (1:1), with a substrate containing soil/sand/organic compounds (3:2:2); these were kept in a growing chamber for acclimation for at least 1 week. Next, the seedlings were transferred to a greenhouse and were molecularly evaluated.
To confirm possible positive events, genomic DNA from plantlets was extracted using the protocol described by Doyle and Doyle (1987) and a conventional PCR using specific primers for the inserted gene AtGolS2 (forward 5′-cccTCTAGAATGGCACC TGAGATCAATAC-3′ and reverse 5′-cccGGATCCCT AAGCTGCAGATGGAGCTT-3′) was carried out. The PCR reaction was performed in a final volume of 25 μL, and composed of 5 μM of each forward and reverse primer, 0.4 mM dNTPs, 2 mM magnesium chloride, 1 U Taq DNA polymerase, and 50 ng μL −1 of DNA. Amplifications were performed in a Veritti (Applied Biosystems) thermocycler using the following cycling parameters: an initial denaturation at 95°C for 5 min, followed by 35 cycles of 95°C for 30s, 59°C for 30s, and 72°C for 30s, with a final elongation cycle of 72°C for 7 min. To analyze the segregation pattern in the generated events, plants from T 1 and T 2 generations were analyzed by conventional PCR to confirm the presence of the transgene. The X 2 test (p ≤ 0.05) was conducted to determine whether the AtGolS2 gene was segregating in agreement with the expected Mendelian pattern.
Quantification of transgene copy number via qPCR
Quantification of the transgene-inserted copy was performed using AtGolS2 as the target gene and the Lec gene (GmLec, Accession No. K00821), a soybean species-specific gene presenting only one copy in the haploid genome (Meyer et al. 1994) , or two allelic copies (homozygous), as the endogenous and calibrator gene. All primers were designed with the aid of the Primer-BLAST program (http://www.ncbi.nlm.nih. gov/tools/primer-blast/ and are described in Supplementary Table S1 ).
For both the target and calibrator genes, an amplification efficiency curve was created using a series of DNA dilutions (5 ). Amplification reactions were comprised of the DNA dilutions (one reaction for each), 0.2 μM of F and R primers, and 1× reaction buffer Platinum® SYBR Green® qPCR SuperMix UDG (Invitrogen) composed of Taq DNA polymerase, Tris-HCl, KCl, 6 mM MgCl2, 400 μM dGTP, 400 μM dATP, 400 μM dCTP, 800 μM dUTP, uracil DNA glycosylase (UDG), and stabilizers. Reactions were conducted in three biological and three technical triplicates in the 7900HT (Applied Biosystems) thermocycler, following the cycling parameters: 50°C for 2 min, denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. To calculate the reaction efficiency, the formula E = [10-1 / slope] −1 (Pfaffl 2001 ) was applied. To quantify the number of copies of the AtGolS2 gene inserted into the soybean genome, Ct values from the target gene were subtracted from the Ct of the endogenous reference gene (lectin) in each sample, resulting in the ΔCt value. The calculation of the number of copies is 2 elevated to the average of −ΔCt (2 −ΔCt ), where 2 corresponds to the sum of the target gene efficiency (100 % = 1) and the endogenous control (100 % = 1), and varies according to the primer efficiency in the amplification reaction.
Analysis of gene expression by RT-qPCR G e n e s A t G o l S 2 ( AT 1 G 5 6 6 0 0 . 1 ) , G m R S 1 (Glyma03g29440), GmRS3 (Glyma19g00441), LEA2 (Glyma09g31740), and LEA6 (Glyma17g17860) (Supplementary Table S1 ) were selected for expression analysis. Total RNA was extracted using Trizol® reagent and complementary DNA (cDNA) synthesized using SuperScript® III First-Strand Synthesis System (Invitrogen/ Catalog number: 180800) according to the manufacturer's instructions. Relative quantification of gene expression was performed in three biological and three technical (n = 9). The reactions were composed of the cDNAs, 0.2 μM of F and R primers, and 1× reaction buffer Platinum® SYBR Green® qPCR SuperMix UDG (Invitrogen). Reactions were conducted on the 7900HT thermo cycler (Applied Biosystems) following the same cycling conditions as those described above. The constitutive expression of the AtGolS2 gene was obtained by the ΔCt value using the endogenous reference gene Gmβ-actin gene. In addition, for the expression analysis, the ΔCt values from each sample under water deficit were subtracted from the ΔCt value of the calibrator sample, corresponding to the same sample under control conditions, resulting in the ΔΔCt value. This value was used in the formula 2
−ΔΔCt
, as previously described.
Experiments with GM lines submitted to water deficit under greenhouse conditions Thirty seeds of the T 2 generation from the events 2Ia1 and 2Ia4, and from the conventional soybean cultivar BRS 184 (wild type, WT) were treated with Vitavax® Thiram 200 SC (200 g L −1 ) (ADAPAR) for health quality purposes, then allowed to germinate on Germitest® paper for 96 h at 25°C ± 1 and at 100 % relative humidity (RH). Seedlings were transferred to 1-l pots filled with substrate mixture (composition mentioned previously), each pot contained only one seedling. All seedlings were kept in a greenhouse at 28 ± 2°C, with temperature and RH recorded every 5 min through a thermohygrograph (Hobo U14-002, Onset®). The experimental design was completely randomized, with split-plots and nine replications. The plant materials were distributed in the plots, while the water conditions (water deficit-WD; control-C) were distributed in the subplots. To identify positive plants, a conventional PCR using primers specific for the transgene when plants reached the developmental stage V1 (Fehr et al. 1971 ) was carried out. Pots were kept at 100 % field capacity (FC) through daily irrigation with a fixed water volume that was sufficient to saturate the substrate until plants reached the phenological stage V4 (26 days after sowing, DAS). At this stage, 1 day before WD induction, all pots were saturated with water at the end of the afternoon to allow the water excess to be drained overnight. On the following morning, pots were wrapped in polyethylene bags and the central region of the pots was covered with cotton around the stem base in order to prevent water loss by evaporation. Control plants were kept at 100 % FC, while irrigation was withheld in the WD group, which was monitored daily in relation to the stomatal conductance (g s ). When WD plants showed g s values less than 200 mmol H 2 O m −2 s −1 (Flexas et al. 2004; Salinet 2009 ), which occurred 8 days after irrigation withholding, gas exchange parameters-photosynthetic rate (A), sub-stomatal CO 2 (Ci), stomatal conductance (g s )-were measured on the central leaflet of the third fully-expanded trifoliate leaf (apex-base direction) through a portable infrared gas analyzer (LCpro-SD, ADC BioScientific) in three different plants. Measurements were performed inside the greenhouse from 9:00 a.m. at 1000 μmol m −2 s −1 photosynthetically active radiation (PAR). Thereafter, the same trifoliate leaf was sampled, wrapped in aluminum foil, immersed in liquid nitrogen, and stored at −80°C for the analysis of gene expression by RT-qPCR. After gas exchange measurements and trifoliate leaf sampling for gene expression analysis, all plants were transferred to 8-l pots filled with a substrate composed of soil-sand-organic compound (3:2:2) and kept under continuous irrigation until the end of the cycle, when some agronomical parameters (per plant) were evaluated: number of pods presenting seeds, number of pods without seeds, total dry matter of seeds, total number of seeds, number of seeds per pod, and 1000-seed weight.
The growth analysis experiment was design in randomized blocks, in a 3 × 2 (plant materials-2Ia1, 2Ia4, and WT BRS 184 x water conditions-C and WD) factorial arrangement. After 8 days of irrigation withholding, we counted the number of nodes and measured the total leaf area using a leaf area meter (LI-3100C model, Licor), which was defined as the sum of areas from all leaf blades in each plant. Leaf blades, stems plus petioles, and roots were sampled and dried in a forced aeration oven at 60°C until obtaining constant weight for quantification of their dry matter, so that the total dry matter (per plant) corresponded to the sum of dry matter from the different tissues. Plant height was measured in the beginning (H1) and at the end (H2) of WD induction. The mean length of internodes corresponded to the ratio between H2 and the number of nodes. From both plant height measurements, we calculated the relative growth rate in height (RGRH), according to the equation: RGRH (%) = [((H2 − H1)/ H1)*100]. The gravimetric moisture of the substratesand mixture (GrM) was obtained from the equation:
where CW is the can weight (g), MMS is the mass of moist soil (g), and MDS is the mass of dried soil (g) obtained after substrate drying at 110°C.
The experiment for survival rate analysis and daily transpiration measurement was designed in randomized blocks, with eight blocks. Plants were kept at 100 % FC until reaching stage V3, when WD was induced in all plants, as previously described. Irrigation withholding lasted for 20 days and, during this period, pots were weighed daily from 9:00 a.m. in order to obtain the daily transpiration (g day
) by the loss of water between consecutive days. When 90 % of BRS 184 plants had died, all plants were re-watered (100 % FC) for 8 days, i.e., until the plants showed evident leaf turgor recovery. Then, the percentage of surviving plants was counted.
Agronomical parameters of GM lines submitted to water deficit under field conditions
The experiment was carried out in the field area located in the National Soybean Research Center (63°11′ S, 51°1 1′ W, 630 m altitude) belonging to the Brazilian Agricultural Research Corporation (Embrapa Soybean, Londrina, PR, Brazil) during the crop season 2014/2015. All necessary documentation to test genetically modified (GM) lines in field conditions were submitted and approved by the National Technical Biosafety Commission (CTNBio) (Process n°01200.003132/ 2014-11 published in the Brazilian Official Journal on September 09th, 2014 by the number 4.188/2014).
A randomized complete block split-plot design was used, with four blocks. Plots corresponded to four water conditions-irrigated (IRR, water from precipitation + irrigation whenthematricpotential of soil water was between −0.03 and −0.05 MPa), non-irrigated (NIRR, water from precipitation), and an environment covered with rainout shelters programmed to move in the presence of rainfall (±0.02 mm) in order to simulate drought conditions and induce water deficit in plants in the vegetative (DSV) and reproductive (DSR) periods. Subplots corresponded to the conventional cultivar BRS 184 and its isoline, the transgenic line 2Ia4 GolS2. The area of each subplot was 220 m .In the DSV treatment, water from precipitation was withheld from December 5th, 2014 to January 5th, 2015, while DSR corresponded to water withholding between January 5th, 2015 and the harvest period (March 1st-April 13th, 2015).
Cultivation conditions followed the procedures routinely adopted at Embrapa Soybean. Plants of the soybean cultivar BRS 360RR were used as a 10-m isolation border, following the Brazilian legislation. Air temperature and relative air humidity were monitored on a daily basis by a weather station located near the experimental area. At the end of the cycle, plants were evaluated regarding number and dry matter of seeds and pods with seeds, 100-seed weight and yield. The sequential water balance was calculated according to Thornthwaite and Mather (1955) .
The percentage contents of protein and oil in the samples of soybean grains at harvest were determined in whole seeds and grains using the reflectance technique of near infrared (NIR) according to Heil (2010) .
Statistical analysis
The residuals showed normal distribution and met other assumptions of the analysis of variance (ANOVA). Thus, data of gas exchange, growth and agronomical parameters, and gravimetric moisture were submitted to ANOVA and means compared by the Tukey test (p ≤ 0.05).
Results
Identification of positive plants, segregation analyses, and quantification of inserted copies number A total of 339 cotyledons from the soybean conventional cultivar BRS 184 were transformed, via A. tumefaciens, with the 35S:AtGolS2 construction. Five positive events were identified in the T 0 generation. A transformation efficiency of 1.47 % was obtained, considering the total number of fertile transgenic plants divided by the total number of explants transformed (5 positive events/339 processed samples) (Rech et al. 2008) .
Four independent events, 2Ia1, 2Ia2, 2Ia3, and 2Ia4, transmitted the AtGolS2 gene to generation T 1 , but only 2Ia1 and 2Ia4 events transferred the transgene to the T 2 generation (Supplementary Table S2 ).
Based on the segregation analysis, it was observed for the 2Ia1 event in the T 1 generation that all plants were positive; however, in the T 2 generation, the segregation ratio observed was 2:1. In contrast, a Mendelian segregation ratio was observed for the 2Ia2, 2Ia3, and 2Ia4 events in the T 1 generation and for the 2Ia4 event in the T 2 generation (Supplementary Table S2 ).
In the current study, 2-4 copies were observed for the events 2Ia1 and 2Ia4 (Supplementary Table S3 ). Based on the results of segregation and seed production in the T 2 generation, two events (2Ia1-8 and 2Ia4-11) were selected to evaluate the effect of AtGolS2 gene insertion in the soybean genome, under drought conditions. In subsequent evaluations, plants will be annotated only as 2Ia1 and 2Ia4.
Relative expression of transgene AtGolS2 and induced genes in soybean plants submitted to water deficit Higher expression level for the AtGolS2 gene was detected in the 2Ia1 event (nine times higher expression compared to the reference Gmβ-actin gene), followed by the 2Ia4 event (four times higher expression). WT BRS 184 did not show transgene expression (Fig. 1a) . Under water deficit, however, higher relative expression was identified to 2Ia4 event followed by a lower gene expression in plants from event 2Ia1 (Fig. 1b) .
Considering endogenous genes, higher levels were identified to 2Ia4 event (Fig. 1c-f) . The raffinose 1 gene (GmRS1-Glyma03g29440) showed a 1.5× increase in expression level, in plants from event 2Ia4, which were submitted to drought conditions, when compared to BRS 184 (Fig. 1c) . The increase in the expression level was higher for raffinose 3 gene (GmRS3-Glyma19g00441) with 2Ia4 event showing 4.5× higher expression when compared to WT plants (Fig. 1d) . The event 2Ia4 also showed higher expression under drought for LEA genes, when compared to BRS 184, with 1.2× and 1.14× higher expression, respectively, for LEA2 (Glyma09g31740) and LEA6 (Glyma17g17860) (Fig. 1e and Fig. 1f ).
Gas exchange measurements and gravimetric moisture There was significant interaction between plant materials and water conditions for Ci and gravimetric moisture (GrM), while no significant interaction was observed for g s and A (Table 1) . Lower values were observed in all plants under WD, regardless of the plant material evaluated, except regarding Ci. In turn, except for gravimetric moisture, 2Ia4 plants showed higher values under WD relative to the other plant materials (Fig. 2) . 
LEA2 (e), and LEA6 (f) genes in GM events 2Ia1 and 2Ia4 and BRS 184 soybean conventional cultivar under control (C) and water deficit (WD) conditions. Transgene expression was normalized using Gmβ-actin gene and calibrated using the same sample under control conditions (without water deficit induction). Values represents means ± standard error; n = 9 NS non-significant, g s stomatal conductance, Ci sub-stomatal CO 2 , A photosynthetic rate, GrM gravimetric moisture of the substrate-sand mixture, LBDM leaf blade dry matter, SPPDM stem plus petiole dry matter, RDM root dry matter, TDM total dry matter, NN number of nodes, MLI mean length of internodes, LA leaf area, RGRH relative growth rate in height, NPPS number of pods presenting seeds, NPWS number of pods without seeds, TDMS total dry matter of seeds, TNS total number of seeds, NSPP number of seeds per pod, 1000SW 1000-seed weight, NPWS number of pods with seeds, DMPWS dry matter of pods with seeds, NS number of seeds, DMS dry matter of seeds, 100SW 100-seed weight, Y yield, (G) greenhouse, (F) field a Significant at p ≤ 0.05
Growth analysis of soybean plants genetically modified with the Gene AtGolS2 under WD
The soybean conventional cultivar BRS 184 and the GM lines 2Ia1 and 2Ia4 were evaluated regarding leaf blade dry matter, stem plus petiole dry matter, root dry matter, and total dry matter under C and WD conditions. Except for stem plus petiole dry matter, there was significant interaction between plant materials and water conditions (Table 1) . Lower values were detected in almost all plants under WD regardless of the plant material evaluated. Furthermore, 2Ia4 plants had lower values in the C condition relative to 2Ia1 event and BRS 184 plants ( Supplementary Fig. 1 ).
As for the number of nodes (NN), mean length of internodes, leaf area, and RGRH, there was no interaction between plant materials and water conditions, except for NN (Table 1) . Lower values for all plants under WD conditions were observed, regardless of the plant material evaluated (Supplementary Fig. 2 ).
Daily transpiration
Considering the results of daily transpiration obtained through weighing pots on successive days (Supplementary Fig. 3a) , and the results of GrM (Fig. 2d) , we can infer that the event 2Ia4 stored a greater volume of water under C conditions, while 2Ia1 and BRS 184 plants lost more water by transpiration on the first WD days. As the days went by, since the event 2Ia4 had greater volume of water stored in the substrate-sand mixture at the beginning of the irrigation withholding, these plants had higher transpiration than 2Ia1 and BRS 184 plants during the intermediate evaluation period with peak of transpiration at day 5-6. However, at the end of the a b c d experimental period, all materials showed a similar behavior, thus corroborating the results of GrM (Fig. 2d) .
Survival rate BRS 184 plants showed 100 % mortality after 21 days of irrigation withholding, followed by 9 days of rehydration ( Supplementary Fig. 3b ). As for the event 2Ia1, of the eight plants evaluated, only one kept a single green trifoliate leaf after rehydration ( Supplementary  Fig. 3c ). In turn, a higher survival rate was observed for the event 2Ia4 ( Supplementary Fig. 3d ).
Agronomical parameters under greenhouse and field conditions
In relation to the agronomical parameters assessed in greenhouse, no interaction between plant materials and water conditions was identified for number of pods without seeds, number of seeds per pod, and 1000-seed weight, whereas significant interaction was detected for number of pods presenting seeds, total dry matter of seeds, and total number of seeds (Table 1 ). In general, higher values were observed for GM 2Ia4 and cv. BRS 184 plants regarding number of pods presenting seeds, number of pods without seeds, total dry matter of seeds, and total number of seeds ( Fig. 3a-d) , while no differences were identified between plant materials for number of seeds per pod and 1000-seed weight (Fig. 3e, f) . When water deficit was induced under field conditions, in relation to the number of pods with seeds and number of seeds (Fig. 4a, c) , plants from the event 2Ia4 showed higher values than BRS 184, except under DSV. Furthermore, BRS 184 plants showed decreased values under DSV and DSR relative to IRR, while 2Ia4 plants showed reduction under NIRR and DSV. Considering the dry matter of pods with seeds and the dry matter of seeds (Fig. 4b, d ), event 2Ia4 showed higher values relative to BRS 184 regardless of water condition. With respect to the 100-seed weight (Fig. 4e) , event 2Ia4 had higher values than BRS 184, except under DSR. In addition, both plant materials showed higher values under DSV relative to IRR. A reduction was also observed under DSR for event 2Ia4.
There was no difference in yield (Fig. 4f ) between both plant materials under DSV and DSR, which was probably due to the low drought intensity during the 2014/15 crop season ( Supplementary Fig. 4) . However, higher values were detected for event 2Ia4 under IRR and NIRR.
Protein and oil contents tended to be similar between 2Ia4 and BRS 184 seeds regardless of water condition (Supplementary Table S4 ).
Discussion
Currently, the context of climatic changes in the world weather demands strategies to develop droughttolerance crops. Thus, the gene AtGolS2 was introduced into soybean plants by genetic transformation via Agrobacterium aiming to improve water deficit tolerance. Galactinol synthase (GolS) is a key enzyme in the production of raffinose family oligosaccharides (RFOs), synthesizing galactinol from UDP-galactose and myoinositol (Panikulangara et al. 2004; Pattanagul and Madore 1999) . Acting as osmoprotectants, RFOs such as raffinose, stachyose, and verbascose are known to be involved in response to adverse environmental conditions, such as extreme temperatures, water deficit, and salinity. In drought tolerance, RFOs are able to regulate the osmotic potential and protect enzymes and membranes from water deficit implications in the cell metabolism (Crowe et al. 1984; Wang et al. 2004) .
Usually, genetic transformation process using A. tumefaciens inserts a low number of copies in the host genome (Kohli et al. 2003; Olhoft et al. 2004; Oltmanns et al. 2010) , as observed for GM events 2Ia1 and 2Ia4. Low copy number events showing promising results for improved tolerance are interesting to be introduced in breeding programs. Events with few copies facilitate segregation in crosses performed to introduce the interested characteristic into high-yield cultivars aiming the development of commercial varieties.
Transgene expression was confirmed in GM events; however, in 2Ia1 plants, a lower level was observed suggesting a possible mechanism of gene silencing (Fig. 1a) . Barbosa et al. (2013) worked with GM soy plants, obtained via biolistic, and reported silenced plants due to the number of inserted copies, in a plant from the T 0 generation. To confirm and determine which silencing mechanism might be occurring in event 2Ia1, other experiments and analyses in further generations need to be performed. After determining which silencing process happened, comparative studies could be Aiming better plant performance under adverse environmental conditions, as in soybean, galactinol genes were already introduced successfully in many other plants species, in model plants but also in important crops. In A. thaliana, AtGols1 and AtGols2 mRNAs were induced by water and salt stress and the AtGols3 mRNA was induced by cold (Taji et al. 2002) . Furthermore, in M. falcata, MfGolS1 was induced by cold, and overexpression of MfGolS1 in tobacco resulted in elevated tolerance to freezing and chilling in transgenic GolS2 plants submitted to different water regimes under field conditions which pattern is considered to be drought as opposed to the weather on 2014/15 crop season. On panels a-d, values are expressed per plant. On panels a, c, e, means ± standard error followed by the same uppercase letter (among water conditions) and lowercase letters (between plant materials) do not differ according to the Tukey test (p ≤ 0.05). On panels b, d, f, there was no significant interaction between plant materials and water conditions. Thus, on each water condition, means ± standard error followed by the same letter (between plant materials) do not differ by the Tukey test (p ≤ 0.05). n = 4 blocks plants (Zhuo et al. 2013) . In rice seedlings (O. sativa), accumulation of OsGolS mRNA was reported in response to cold and to osmotic stress (Takahashi et al. 1994) . In tomato (L. esculentum Mill. cv Moneymaker), dehydration induced the accumulation of LeGolS-1 mRNA germinating seeds (Downie et al. 2003) . In V. vinifera, VvGolS1 was upregulated by high temperature (Pillet et al. 2012) and, in S. miltiorrhiza, SmGolS genes presented differential expression in response to hormone, cold, and heat treatments (Wang et al. 2012 ). In C. arabica, CaGolS genes were differentially regulated under water deficit, high salt, and heat stress (dos Santos et al., 2011) and in C. canephora, CcGolS was differentially regulated by water deficit in leaves, depending on the intensity of stress and the genotype (dos Santos et al. 2015) . In P. tricocarpa, GolS (PtrGolS) genes were upregulated for 2 days after the induction of water deficit treatment (Zhou et al. 2014) .
In soybean submitted to water deficit, Marcolino and co-workers (2014) described a diurnal oscillation and expression induction for GmGols-like gene. Gene exp r e s s i o n q u a n t i f i c a t i o n f o r s o y b e a n G o l S (Glyma19g40680) confirmed the expression induction in plants submitted to water deficit (Rodrigues et al. 2015) . These reports corroborates data obtained here, as in water deficit conditions, AtGolS2 gene was highly expressed in event 2Ia4 (Fig. 1b) , suggesting that AtGolS2 gene might be evolved in drought response mechanism.
Therefore, an increase in the accumulation of raffinose and galactinol transcripts was noticed in plants from the soybean GM 2Ia4 event (Fig. 1b-d) . The importance of galactinol and raffinose transcript accumulation due to changes in carbohydrate metabolism in abiotic stress conditions was already reported. In M. falcata, the accumulation of raffinose and stachyose was associated with the differential cold tolerance between M. falcata and M. sativa. In tobacco overexpressing MfGolS1, enhanced levels of galactinol, raffinose, and stachyose transcripts resulted in elevated tolerance to freezing and chilling in transgenic plants (Zhuo et al. 2013) . In cucumber growing under low temperature stress, raffinose content increased gradually in the leaves, the fruits, the stems, and the roots (Suia et al. 2012) . Furthermore, a considerable increase in the concentration of raffinose was detected in rice seedlings exposed to chilling for more than 4 days (Saito and Yoshida 2011) .
Especially under water deficit conditions, Taji et al. (2002) described an increase of both galactinol and raffinose in the transformed plants, indicating that these sugars have a fundamental role in drought tolerance, probably acting as osmoprotectors, antioxidants, and signaling molecules (ElSayed et al. 2014) . Peters et al. (2007) also observed the accumulation of sucrose and raffinose as the predominant carbohydrates in plants of Xerophyta viscosa under water deficit showing relative water content below 5 %. In coffee (C. canephora), leaves from a drought-tolerant genotype showed an increase in raffinose levels of almost twofold greater than in the sensitive-drought genotype, under severe stress (dos Santos et al. 2015) . In P. tricocarpa, an increase of raffinose levels was observed after 4 days of water deficit treatment was reported (Zhou et al. 2014) .
In addition to the role that RFOs play in drought tolerance, it is possible that the interaction between the LEA proteins (Fig. 1e, f) and RFOs (Fig. 1c, d ) has made an increase in the capacity of 2Ia4 plants to survive and recover after severe drought. Wolkers and co-workers (2001) evaluated the ability of soluble carbohydrates such as sucrose and trehalose and LEA proteins to act jointly by forming glassy structures, which bind via hydrogen bonds, with the objective of minimizing the damage caused by abiotic stresses. Therefore, these researchers used infrared spectroscopy in Typha latifolia pollen and were able to conclude that the formation of these structures could protect plant cells during extreme abiotic conditions, enabling longer stability against drought in tolerant organisms. This network formed by carbohydrates and LEA proteins allows greater stability of cellular structures, serving as anchors in a molecular network to provide stability to macromolecular and cellular structures (Wolkers et al. 2001 ). In the cytoplasmic matrix, this glassy state would function to inhibit the fusion of cell membranes (Sun et al. 1996; Crowe et al. 1997) , to prevent the denaturation of proteins (Crowe et al. 2011) , and to limit the diffusion of free radicals (Liu et al. 2010; Tunnacliffe et al. 2010; Battaglia and Covarrubias 2013; Amara et al. 2013) . Although sucrose and trehalose were used in the work of Wolkers et al. (2001) , the researchers reported that any soluble carbohydrate could have the characteristic of forming glassy structures for cell protection.
Regarding physiological parameters, the results showed that the higher GrM values observed under well-watered conditions (C) and the increase of galactinol and raffinose transcripts observed in 2Ia4 plants probably influenced the gas exchange responses (Fig. 2) , which were not compatible with the standard corresponding to stressed plants, which show g s less than 200 mmol H 2 O m −2 s −1 (Flexas et al. 2004; Salinet 2009 ). Then, such plants delayed the drought effects probably due to the accumulation of carbohydrates, which in turn acted as osmoprotectors in osmotic adjustment. According to Bray (1997) , the osmotic potential is reduced in the cytosol during the osmotic adjustment, maintaining the water potential and cell turgor close to the optimal level. When turgor is maintained, processes such as stomatal conductance, CO 2 assimilation rate, photosynthesis, and leaf tissue expansion are partially maintained, even under conditions of low water potential in the soil, thus assuring the plant development under stress conditions (Pattanagul and Madore 1999; Vinocur and Altman 2005; Elsayed et al. 2014) . In the present study, although there was no interaction between plant materials and water conditions, we observed a decrease of the photosynthetic rate in all of the plants evaluated, which consists of one of the main responses to water deficit (Shinozaki and Yamaguchi-Shinozaki 2007) . In GM soybean 2Ia4 plants, despite the photosynthetic rate being lower under water deficit, such values were higher than those of other plant materials (Fig. 2) . This result can be due to the osmotic adjustment being unable to prevent the decrease in photosynthetic rate under water deficit conditions. However, the turgor maintenance, confirmed by the higher g s values in 2Ia4 plants, probably enabled photosynthesis and other important physiological activities to be maintained under water deficit even at low levels, thus making the carbon and nitrogen redistribution in such plants possible, as suggested by Kobata et al. (1992) and Palta et al. (1994) . Although phenotypic evaluations showed lower values in almost all plants under WD regardless of the plant material evaluated, and in some cases 2Ia4 plants had lower values in the C condition relative to 2Ia1 event and BRS 184 plants ( Supplementary Fig. 1 ), we can infer that use of the constitutive promoter CaMV35S did not change the development characteristics of GM 2Ia4 plants. The constitutive promoter 35S has been frequently used in the control of gene expression and, for a long time, was associated with plant growth retardation in the absence of stress (Liu et al. 1998; Kasuga et al. 1999; Kasuga et al. 2004; Morran et al. 2011) . However, in soybean, under water deficit, Marinho et al. (2015) worked with GM soybean plants overexpressing the transcription factor AtAREB1 under the control of CaMV35S promoter observed that, at the end of the experimental period, there were no differences regarding root dry matter, leaf blade dry matter, and total leaf area when plants were compared under well-watered and WD conditions, indicating that such a promoter can be successfully used to obtain GM soybean plants with no growth retardation.
After rehydration, AtGolS2 GM 2Ia4 plants showed 100 % recovery (Supplementary Fig. 3d) . Similarly, Taji et al. (2002) demonstrated that Arabidopsis plants overexpressing the gene 35S:AtGolS2 showed complete recovery after 14 days of WD followed by 5 days of rehydration due to a reduction in leaf transpiration, higher water accumulation in the substrate, and the accumulation of raffinose and galactinol in tissues, suggesting that increased levels of these carbohydrates would have allowed their effect as osmoprotectors. Such behavior might be due to the osmotic adjustment allowing these soybean plants to become more tolerant to drought since they were able to maintain development under stress conditions (Serraj and Sinclair 2002) .
Yield components assessed in greenhouse showed higher values of number of pods with seeds and total number of seeds for GM 2Ia4 and BRS 184, but no differences were observed for number of seeds per pod and 100 seeds-weight for all plant materials. However, when yield components were evaluated under field in crop season 2014/2015, AtGolS2 GM event 2Ia4 presented higher values of number of pods with seeds and number of seeds (Figs. 4a, c) than those of the cv. BRS 184 and higher yield values were detected for the event 2Ia4 under IRR and NIRR conditions. As observed in our data, Passioura (2012) described that results obtained under controlled conditions in greenhouses may not be representative of the way in which plants behave over the entire season in the real field situation. In containment conditions, plants are not able to express their total potential, as limitations due to pot size and controlled water amount, temperature fluctuations, diseases, and pests do not challenge the organism as a whole, but reduce environmental real situations. In addition, when there is an objective to develop a cultivar and release it, tests in the field are a legal requirement of the Brazilian National Technical Biosafety Commission prior to approving a commercial product. Thus, it is important to test GM plants in the field to accurately gauge whether the technology is successful.
Aside from yield, soybean producers are also searching for grain quality, as this grain remains the most important source of high-quality vegetable protein for animal feed manufacture. Through plant breeding, it has been possible to obtain protein levels between 40 and 45 %, and lipid levels between 18 and 20 %. The maintenance of these parameters is essential to be considered in the development of GM lines, as it adds value to the grain and ensures the competitiveness of soy in the world market. For GM AtGolS2 event 2Ia4, the most promising event, oil and protein content values were accepted by crushing industry, meting quality references and commercial specifications (Embrapa 2015) , enabling this line to enter the feed market for poultry, pork, cattle, other farm animals, and pets.
Conclusion
The overexpression of AtGolS2 in soybean plants led to increased galactinol and raffinose transcripts, probably resulting in changes in carbohydrate metabolism. These transcripts, together with increased LEA transcripts, may have acted as osmoprotectors, protecting and stabilizing cells under water deficit, leading to higher drought tolerance and survival rate of 2Ia4 plants. In the experiment conducted under field conditions, higher yield was detected for AtGolS2 2Ia4 plants under IRR and NIRR treatments. However, new experiments, in more crop seasons, are needed to confirm the hypothesis of osmotic adjustment for improved drought tolerance, in GM 2Ia4 soybean plants. Oil and protein content in the transgenic line were not affected by the genetic introduction, ensuring their competitiveness in livestock market and enabling it to be introduced in a soybean breeding programs for the development of a commercial variety.
